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Abstract 
In order to improve the performances of an 11 cm-diameter turbine engine, this article suggests to substitute a new-style micro 
diffuser redesigned based on a new concept for the traditional diffuser having poor performances. The new diffuser comprises 
integral blades and splitters, which are taken for a series of ducts in designing. This article investigates the effects of the 
cross-section area distribution along the flow path on the redesigned diffuser’s performances. Having furnished with the new 
diffuser in place of the original vaned one, the 11 cm-diameter prototype engine is tested on the rig for its performances. CFD 
and experiments have shown that the improved diffuser with the unchanged original size has gained excellent performance pa-
rameters of pressure coefficient over 0.65 and total pressure recovery coefficient over 0.9. Equipped with the redesigned micro 
diffuser, the engine increases the thrust by 11% and decreases the specific fuel consumption by 9%. 
Keywords: aerospace propulsion; new-style micro diffuser; numerical analysis; micro turbine engine; centrifugal compressor 
1. Introduction1 
In a vaned diffuser, as vanes serve to diffuse the ki-
netic energy of the fluid on a higher rate than the pos-
sible maximum rate in a vaneless radial diffuser, the 
length of flow path and the diameter of the diffuser’s 
exit are in position to decline. For this sake, the vaned 
diffuser has found wide application in the micro or 
small turbine engines[1-4] in an unflinching effort to 
pursue downsizing. Generally, a micro vaned diffuser 
consists of a radial vaned diffuser, a vaneless bend and 
an axial de-swirl cascade.  
The strongly mixed flow from the radial vaned dif-
fuser changes its direction to become axial in the bend, 
thus causing fierce flow separation, complicating the 
flow structure and losing excessive kinetic energy.  
Then, the flow turning angle in the axial cascade be-
comes larger, and the boundary layer grows rapidly. As 
a result, a very complex unsteady flow field usually 
takes place in the diffuser’s passage and results in 
heavy losses, which have been well documented in 
Refs.[5]-[7]. Since the flow complexity and the loss 
tend to increase significantly as the size of diffuser 
decreases when the Reynolds number is small, it is not 
at all surprising that the micro vaned diffuser suffers 
poor performances. For example, the pressure coeffi-
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cient Cp of the micro diffuser, a component of a 100 
kW microturbine , is only 0.45. The diffuser pressure [7]
coefficient has been raised about 60% through an itera-
tive procedure based on the combination of a 
multi-objective evolutionary algorithm (MOEA) and a 
computational fluid dynamics (CFD) code[8]. It has 
been demonstrated that integrated passages could 
avoid flow dumping into an annular turning bend with 
significant mixing and loss of efficiency thereby at-
taining a high performance level[9]. For the diffuser 
presented in Ref.[9], the wrap angle of passage is de-
termined just by the passage centerline, so the devia-
tion from hub to shroud could not easily be improved, 
and the structure which is similar to a closed pipe is 
difficult to manufacture due to smaller sizes. 
This article presents a new type of micro diffuser 
characteristic of high-performance and easiness in 
manufacturing. It is equipped with integral blades 
formed by the main passages and splitters arranged 
downstream of each main passage. In this way, it keeps 
the advantages of integrated passage and ensures the 
nice performance; moreover, the new structure of this 
design is easy to manufacture. 
As the fluctuations of the aerothermodynamic pa-
rameters decline very rapidly when the flow goes 
downstream of the impeller[10-12], the steady state 
analysis and “impeller-decoupled” approach are 
thought to be reasonable and feasible most time to be 
adopted to simulate the flows in the diffuser in place of  
the more complicated and time-consuming unsteady 
coupled simulation. Such approach has been used in Open access under CC BY-NC-ND license.
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other works[7, 13], and the feasibility has been demon-
strated. 
The design of the new-style diffuser takes aim at the 
main passage, not the blades, thus obviating the occur-
rence of the vortices between the radial vaned diffuser 
and the axial diffuser as in the case with the original 
diffuser. So, the performance improvements of the 
new-style diffuser have been shown by computations 
and experiments. The cross-section area distribution 
along the flow path is determinant to the rate of dif-
fusing, so the effects of this factor on the diffuser per-
formances are worth further investigating. The area 
distribution defined by a cube Bezier curve can be op-
timized through numerical simulations and compari-
sons with experiments. 
2. Original Vaned Diffuser 
Fig.1 shows a typical vaned micro diffuser, which 
consists of 15 radial wedges, 40 straight axial de-swirl 
blades and a vaneless 90° radial-axial bend. Its diame-
ter is less than 11 cm; the axial width is about 2 cm, 
and the inlet blade angle 65° (to radius). 
 
Fig.1  Photo of a micro diffuser. 
In order to study the flow in the original and new 
diffusers, a three-dimensional compressible density 
based Navier-Stokes code which is called NAPA for 
short with a Baldwin-Lomax turbulent model is 
adopted. With the Baldwin-Lomax turbulent model 
improved by Y. C. You[14], NAPA  has been validated 
against the experimental data and the results from 
other codes. As the blade numbers in the radial and 
axial diffusers are different, a quasi multi-stage calcu-
lation is performed using a mixing plane midst the 90° 
bend (see Fig.2).  
 
Fig.2  Grid topology. 
The Mach number and the angle to the radius of the 
flow leaving the centrifugal impeller are modified by 
the variation in the impeller rotation speed and mass 
flow, so the diffuser performances are studied by CFD 
when inlet Mach numbers and angles of incidence are 
subject to variation. 
Fig.3(a) evinces the total pressure recovery coeffi-
cient σ of the prototype versus inlet Mach number Ma 
and Fig.3(b) its static pressure ratio π. They are im-
proved as positive increase in angle of incidence. 
When Ma increases, the Mach number of the flow in 
diffuser passage and the static pressure ratio increase 
which raises the loss and decreases the total pressure 
recovery coefficient. When the original diffuser works 
in a negative angle of incidence, the ratio of the inlet 
frontal area to the exit’s declines, resulting in static 
pressure ratio (see Fig.3(b)) so low that it might be less 
than unity under some working conditions. 
 
(a) Total pressure recovery coefficient 
 
(b) Static pressure ratio 
Fig.3  Total pressure recovery coefficient and static pressure 
ratio vs inlet Mach number. 
Fig.4 illustrates that the pressure coefficient of the 
original diffuser has seen a more serious change at 
negative angle of incidence than at positive angle of  
 
Fig.4  Pressure coefficient of original diffuser. 
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incidence, due to the speedup of the π increasing and 
the slowdown of the σ decreasing. As σ and π are cor-
related to Ma in a nearly linear manner, Cp is not sensi-
tive to Ma. When the impeller operates at the design 
point, the diffuser’s angle of incidence is about 4°, and 
the reduced mass flow is perceived by the diffuser 
vanes as a positive increase in angle of incidence. 
The poor performance characterized by the pressure 
coefficient under 0.2 in most circumstances, can be 
explained with help of the inner flow fields  (see 
Fig.5). Swirling flows or dead-water regions form be-
hind the blunt end of the wedge and induce a lot of 
losses, causing the momentum and the pressure (total 
and static) to decline dramatically. Because of the 
ununiform flow in circumference from the radial 
vane-island diffuser, the flow is mightily mixed in the 
annular bend with the radial to axial turnings. The ir-
regular flows in the bend result in heavy losses. With 
the flow angle as large as about 53° at the bend, the 
flow turns a huge angle in the de-swirl cascade, which 
leads to separate flows from the suction, thus increas-
ing the losses and decreasing the static pressure. 
 
(a) Vector of velocity 
 
(b) Contour of total pressure recovery coefficient 
 
(c) Contour of pressure 
Fig.5  Vector of velocity, total pressure recovery coefficient 
and pressure at 50% span. 
3. Redesign with New Concept 
The poor performances of the micro diffusers can be 
sourced back to viscous forces precision loss and fric-
tional losses go up as the diffuser’s size decreases, and 
the improper architecture of vaned diffuser, which re-
sults in flow separation and mixing. Of the above-cited 
two reasons, the former is inherent and difficult to re-
move, while the latter can be improved. Therefore, the 
new micro diffuser is restructured to eliminate the 
dead-water regions and strong mixing and ameliorate 
the diffusion in the flow direction. 
3.1. Method to design new-style micro diffuser  
The approach for designing the new-style micro 
diffuser is generally composed of primary design, me-
ridional channel design and three-dimensional con-
figuration design. 
(1) Primary design  
The key parameters for setting the scantlings of a 
diffuser are evaluated in the primary design by the 
aerothermodynamics and the velocity triangle at the 
inlet and exit. Some basic efficiency and sizing guide-
lines for common vaned diffusers are applied at this 
stage. 
(2) Meridional channel design  
In a typical micro diffuser, the radial diffuser and the 
axial de-swirl blades are linear, and the height of the 
blades keeps constant from the leading to the tail edges. 
The design procedure of the new-style diffuser’s me-
ridional channel requires defining the shroud or hub 
curve and a passage height distribution along this 
curve by scattering points or functions. In this article, 
the hub consists of a radial line, an axial line and an 
arc. The shroud is made up of a series of points, and 
the normal distance between a point and the hub is 
defined as hi (see Fig.6). at this stage, the shroud and 
hub curves in meridional plane are obtained. 
 
Fig.6  Creation of meridional channel. 
(3) Three-dimensional configuration 
Compressor diffusers convert kinetic energy into a 
static pressure, which rises based on either or both of 
the following technological principles: 1) increasing in 
flow passage area brings about reduction in the aver-
age velocity and, hence, increasing in static pressure;  
2) changing in flow angle brings about recovery in 
angular velocity. The diffuser can be taken for a series 
of ducts in circumference, so the cross-section area and 
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the turning angle of each duct are of great importance 
to affect the inner flow and the diffuser performances. 
Therefore, the three-dimensional configuration design 
should target the passage of diffuser rather than the 
blades. 
The cross-section contour should be assumed to be 
rectangle, circle, ellipse or something like that. The 
passage cross-section used in Ref.[9] was transformed 
from the circular to the elliptic before the ra-
dial-to-axial turn, and then to the rectangular with a 
corner fillet. So its passages are in a form of shrouded 
close duct. The near-rectangle cross-section under 
study is made up of two arcs and two straight lines. 
The space between two neighboring passages forms a 
blade. The similar way can be used to design a un-
shrouded wholly vaned diffuser with great easiness of 
manufacture and strong adaptability to the micro en-
gine. 
For a presumably discrete meridional channel, the 
area of cross-section Ai is determined by the area dis-
tribution along the passage. The blade thickness t can 
be determined with Eq.(1), and then the angle of sector 
γ with Eq.(2). Fig.7(a) illustrates the cross-sections 
orthogonal to the meridional plane established in this 
way. 
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where Rs is the radius of shroud, Rh the radius of hub, 
and N the number of passages. 
The centerlines of the passage at the shroud and hub 
are created on the basis of the meridional curves and 
the turning angle distribution obtained by the wrap 
angle θi determined with Eq.(3). And then θ of the 
points at the cross-section is increased to θi. So the 
curved passages of the diffuser are generated (see 
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where Ri and Xi are radius and length at point i respec-
tively.  
 
Fig.7  Creation of a passage. 
The blade thickness must be verified to make sure 
that the pressure surface is not intersected with suction 
surface, and the blade is thicker than the limit the 
structure has imposed.  
3.2. Redesign of original vaned diffuser 
To eliminate the separated flows behind the blunt 
end of wedges, and improve the micro diffuser per-
formances, there have been a variety of design propo- 
sals which are analyzed with CFD. In this article, the 
new redesigned diffuser functions as the sample des-
tined for replacing the original vaned diffuser will be 
experimentally investigated on micro engine test rig. 
Fig.8 shows the pressure coefficient, the total pres-
sure recovery and the static pressure ratio of the origi-
nal and the sample diffusers, when they operate at the 
same inlet state with the same flow angles, total pres-
sures and total temperatures. It is observed that all 
performance indexes of the sample are higher than 
those of the original. The higher values of σ imply the 
reduction in loss; the aggrandizement of Cp and π in-
dicates that more kinetic energy has been transformed 
into pressure energy due to the reduction of loss and 
passage expansion. Further explanation for the per-
formance disparity in Fig.8 would be provided by 
Fig.9 and the following text.  
(1) Meridional channel 
In the sample, by increasing the radius, which con-
nects the radial part and the axial part of the meridional 
channel, the growth of boundary layer is suppressed; 
the pressure gradient in the normal direction weakened 
and the loss due to secondary flows in the bend and 
axial section reduced.  
(2) Vaned section 
In the sample, by extending the integral blade from 
the inlet to the exit and removing the blunt end of the 
wedge, the separated flow zone (see Fig.5(a)) disap-
pears and the cross-section area enlarges gradually 
rather than suddenly at the wedge-and-bend joint as is 
the case in the original diffuser. These result in lowering  
 
Fig.8  Performance indexes. 
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Fig.9  A comparison between redesigned and original dif-
fuser. 
the loss due to swirling flow and expansion, and rais-
ing total pressure recovery. 
As a remarkable feature of the new-style diffuser, 
the vaned bend eliminates the mixing occurring in the 
original vaneless bend. In an original annular bend, the 
cross-section area needs to be decreased to reduce the 
loss; however, in the vaned bend, the cross-section area 
is expandable and controllable so that the kinetic en-
ergy can be transformed into pressure energy in the 
critical region with an acceptable loss and augmented 
Cp and π. 
Because of the decreasing in flow angles before the 
end of the bend, the flow turning angle in the axial 
section can be reduced, and the passages in the same 
section can be slightly expanded. In the new-style dif-
fuser, as the axial de-swirl vane is integrated into the 
integral blade. This obviates the need to concern about 
the angle of incidence at the leading edge of original 
de-swirl cascade.  
4. Improvement of New 11 cm-diameter Diffuser 
4.1. Optimization of cross-section area distribution 
As increasing the flow passage area is known to be a 
key for bettering diffuser’s service (see Section 3.1), 
the effects of the cross-section area on the perform-
ances are studied, and then the area distribution of the 
new micro diffuser is optimized. 
Fig.10 evinces a three-order Bezier curve that de-
fines the area distribution. The points P1 and P4 repre-
sent the cross-section area at the inlet and the exit, 
which are fixed by the diffuser’s external size. The 
positions of the flex points P2 and P3 are determined 
by the relative length Lr and the relative area Ar.  
 
Fig.10  Parameterized cross-section area distribution. 
The movement of the flex points determines which 
form of the cross-section area distribution (concave, 
linear or convex) would take, and the areas which have 
been fixed in compliance with a given distribution 
would increase gradually rather than suddenly. 
The growth of boundary layer in the presence of 
deceleration would cause separation and mixing losses, 
and the mild increasing in passage areas would weaken 
the deceleration, so the concave area distribution 
would improve the performances of pipe diffuser. The 
diffusion is completed in the radial part of pipe diffuser, 
but the radial dimension of micro engine is not large 
enough to decrease the velocity to an acceptable level 
before the bend. And thus the higher velocity would 
result in so large a local loss in the bend as to exceed 
the benefits of the deceleration control. 
In the diffuser, which has a convex cross-section 
area distribution along the passage, the flow is decel-
erated in the forepart, so the friction loss can be mini-
mized in the whole passage to have a lower velocity 
before the bend (see changing of Ma in Fig.11). As the 
increasing rate of area in the bend declines, the reverse 
gradient of pressure also slows down. This suppresses 
the growth of boundary layer and reduces the loss (see 
changing of σ in Fig.11).  
In order to minimize all kinds of loss: the diffusion, 
the friction and the local, it is necessary to ameliorate 
the cross-section area distribution along the path. As 
the size goes down, the Reynolds number and the 
turning radius slim down, the friction and the local 
losses would rise. As the friction and the local losses 
vary in proportion to the Mach number, and the rapid 
increasing in the passage area of the front part can de-
crease the average Mach number not only in the pas-
sage but in the radial-to-axial turn as well, the passage 
area of the micro diffuser should take the convex form. 
In order to be fixed onto the prototype engine, the 
blades must be thick enough to meet the structural re-
quirements. On this condition, the diffuser is optimized 
by CFD. The obtained optimal cross-section area dis-
tribution is: Lr=0.1, Ar=0.47 for P2 and Lr=0.8, Ar=0.9 
for P3, which produces performances better than those 
of the diffuser presented in Section 3.2 (see Fig.12). As 
the diffuser’s size is required to be the same as the 
original one’s, the exit area can be in no way altered, 
and the Mach number discharged from the diffuser 
might become a little higher. It can be extrapolated that 
the static pressure coefficient could be further raised, if 
the size restriction is waived. 











Fig.11  Contours of Ma and σ for diffusers with different 
area distributions. 
 
Fig.12  Performance of optimal and sample design. 
4.2. Verification by experiments 
The static and total pressures are measured at the 
entrance and the exit of the diffuser when the micro 
turbine engine is running on a test bed. Fig.13 illus-
trates the arrangement of measurement points in a 
compressor’s section, and Table 1 lists the measured 
 




Fig.13  Arrangement of measuring points. 
Table 1  Measurement parameters 
Point Parameter 
Temperature T0 
Pressure p0 Atmosphere (Point 0) 
Humidity φ  
Inlet (Point 01) Pressure p01 
Pressure p1 Exit of compressor 
 impeller (Point 1) Total pressure *1p  
Temperature T2 
Pressure p2 
Exit of diffuser 
(Point 2) 
Total pressure *2p  
The measured Cp of the sample and the optimal de-
sign is displayed in Fig.14(a) and their measured σ in 
Fig.14(b). As the engine’s shaft speed increases, the 
Mach number at the diffuser’s entrance rises. When the 
engine runs at the designed shaft speed, Cp of the sam-
ple diffuser is close to 0.5, and Cp of the optimal de-
sign greater than 0.65. The experiment shows that the 
diffuser with the optimized passage areas has gained 
considerable improvement in performances. This ac-
cords with the calculated results in the preceding sec-
tion in respect of tendency, notwithstanding lower val-
ues of the calculated σ. 
 
(a) Pressure coefficient 
 
(b) Total pressure recovery coefficient 
Fig.14  Pressure coefficient and total pressure recovery 
coefficient vs inlet Mach number. 
The measurements also evince that the mass flow 
increases by substituting the optimal diffuser for the 
sample one in the 11 cm-diameter engine. This can be 
evidenced by the improved performances of the sam-
ple and the optimal diffusers through CFD and ex-
perimental results. When the engine is at running state, 
the inlet flow angle of the optimal diffuser is lower 
than that of the sample one. So, the working line of the 
impeller equipped with the optimal diffuser moves 
towards the choking, increasing the mass flow. 
When the 11 cm-diameter engine equipped with the 
optimal diffuser is operating in the designed condition, 
the thrust is about 11% greater than the one with the 
original diffuser and about 7% greater than the one 
with the sample diffuser. Similar to this, the specific 
fuel consumption is lowered by about 9% and about 
1% respectively. The improvement in the engine’s 
performances affirms the merits of adopting the 
new-style diffuser in the micro turbine engine. 
5. Conclusions 
Both the flow complicacy and the micro scale re-
duce the micro vaned diffuser performance. In order to 
improve the diffuser characteristics and the engine 
performances, an attempt is made to develop a 
new-style micro diffuser out of the traditional 11 cm- 
diameter one without any change in external sizes.  
The new-style diffuser is composed of integral 
blades formed by the neighboring passages, and split-
ters disposed in the downstream portion of each main 
passage. The higher rate of increase in the passage area 
at the new diffuser’s radial part and the blades that 
connect with the radial and axial blades and the lower 
camber of the axial profile enable the new micro dif-
fuser to have higher performances than those the 
original vaned diffuser has. This has been verified 
through calculation and experiments. 
As the new diffuser is assumed to be a duct in de-
signing, the passage’s cross-section area distribution 
can be optimized with CFD. It is discovered that the 
convex form proves the optimal area distribution with 
the positions of the flex points being Lr=0.1, Ar=0.47 
for P2 and Lr=0.8, Ar=0.9 for P3 under investigation. 
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Measured on a running engine, the static pressure co-
efficient of the optimal diffuser can exceed 0.65; and 
the total pressure recovery 0.9. 
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